Abstract. Adult hippocampal neurogenesis (AHN) in the dentate gyrus of the hippocampus has been shown to affect mood, cognition, learning ability and memory. A growing area of interest is whether mastication or chewing also affects AHN. This article aims to collect the evidence from animal and human studies to ascertain whether mastication is an oral environment enrichment capable of having a modulatory effect on AHN and associated behaviors.
Introduction
The adult human brain has the capability to generate neural stem cells, which go on to divide and differentiate into neurons. These newborn neurons are generated throughout adult life in a process called neurogenesis. Neurogenesis is confined to the dentate nucleus of the hippocampus and the subventricular zone of the lateral ventricles in the human brain [1] [2] [3] . Adult hippocampal neurogenesis (AHN) involves the addition of over 700 new neurons per day to each hippocampus in the human brain [2] , and multiple rodent studies have suggested that AHN affects cognition, learning and memory abilities as well as mood [4, 5] .
With the implications AHN may have on mental health kept in mind, protection of AHN or perhaps enhancement may prove to be a desirable health intervention. Several environmental stimuli are in fact thought to enhance AHN, such as physical exercise and diet [6, 7] . Interestingly, not only diet content can modulate AHN, but also meal frequency, calorie intake and texture [8] . A burgeoning area of study is in masticatory function and whether this affects AHN. The loss of teeth has also been suggested to be related to the development of senile dementia and Alzheimer's disease [9] , with both conditions featuring loss of memory function and disturbed learning, areas that AHN has been hypothesised to modulate [4] . Several studies have investigated whether masticatory impairment affects AHN in mice and rat models, such as through soft-diet feeding (not requiring mastication) [10] and removal of molars [11] with another study demonstrating that a soft-diet in mice after weaning resulted in impaired AHN in later life [12] . A review of the relationship between mastication and dementia surmised that a correlation does indeed exist [13] . The aim of this article is to assemble studies from both human and animal investigations on the impact of mastication on mental health to ask whether mastication in humans is an oral environmental enrichment capable of modulating neurogenesis and associated behaviors (see Fig. 1 for a proposed relationship mechanism). Should this hypothesis be correct, mastication in humans could be investigated as a novel intervention in order to modulate AHN and impact on a range of mental health conditions.
Adult hippocampal neurogenesis
AHN occurs in the subgranular zone (SGZ) of the dentate gyrus (DG) in the hippocampus. Neurogenesis involves the proliferation of neural progenitor cells in the SGZ, which then go on to differentiate and migrate and integrate into pre-existing circuitry [14] . Neural progenitor cells lie in close contact with blood vessels, and it is believed that biochemical stimuli delivered from the blood affect AHN [15] [16] [17] . Brain-derived neurotrophic factor (BDNF) is one of the many signaling molecules involved in regulating AHN [14, 18] . Interestingly, it has been demonstrated in studies that soft-diet feeding in mice leads to altered expression of BDNF and its receptor, Tryosine receptor kinase B (TrkB), in the hippocampus and restrained AHN, which resulted in behavioral impairments [12, 19] . Impairment of this process results in impaired memory function, and studies involving ablation of these neurons demonstrates this. AHN is clearly an important neural function believed to play a role in memory and cognition, although the precise mechanisms underlying this are not yet fully explained [20] .
Modulation of AHN
Enriched environment and undertaking exercise has been shown to promote the synthesis of BDNF and other local growth factors, which leads to enhanced neurogenesis [7, [21] [22] [23] . Calorie restriction, intermittent fasting and dietary content and their effects on neural plasticity, including AHN, in animal and human studies have been reviewed [6] , with it concluded that these dietary factors have been demonstrated to promote neural plasticity. However, the mechanisms underlying these perceived effects remain to be elucidated, but in the meantime, placing importance on dietary content, frequency and amount could be a cost-effective way of preventing and ameliorating cognitive decline and mood disorders [6, 24] . Conversely, negative regulators of AHN include stress, chronic sleep deprivation, ageing, inflammation and depression [25] [26] [27] [28] . Discovering the positive modulators of AHN to offset such conditions that negatively impact learning and memory could prove an important new treatment option.
Mastication
A loss of teeth has been recognised as a risk factor for developing dementia earlier and Alzheimer's disease [13] . The precise mechanism by which mastication is thought to exert an effect on AHN is not known. A review has discussed how exercise has been shown to increase AHN, and the act of mastication increases heart rate and cerebral blood flow, suggesting that mastication is an activity that can be considered to be physical exercise, resulting in neurogenesis [13] . It is also discussed that effects from an impaired masticatory ability on AHN may be due Table 1 Results from animal studies on mastication and adult hippocampal neurogenesis related measures
Reference
Animal Model Intervention Outcome [10] Wistar rats Soft diet Cell proliferation in the dentate gyrus is suppressed by soft diet feeding [19] C57BL/6 mice Soft diet Soft diet mice showed behavioural impairments, such as decreased home cage activity, increased open field test activity, and deficits in prepulse inhibition, but no impairments in memory and learning. Decreased cell proliferation in the hippocampus, BDNF and Akt1 (protein kinase B) gene expression [36] C57BL/6 mice Hard diet Improved spatial learning ability of hard diet mice. Forced mastication increased the survival rate of the newly generated neurons in the dentate gyrus but did not increase progenitor cell proliferation [35] Pregnant DDY mice and their offspring
Restraint stress ± object to chew on
Chewing in dams during prenatal stress attenuates stress-induced rise in plasma corticosterone levels. Adult offspring of these dams showed attenuated prenatal stress-induced learning deficits and decreased dentate gyrus cell proliferation [33] C57BL/6J mice Liquid diet Liquid diet group showed impaired memory and learning ability. In the hippocampus, the number of pyramidal neurons and expression of Tropomyosin receptor kinase B was reduced, and expression of BDNF was increased [34] Sprague-Dawley rats Liquid diet No differences in neuronal differentiation and survival of newborn neurons were seen. A reduction of hippocampal neuronal proliferation was found in the liquid diet group [11] C57BL/6 mice Powder diet ± molar removal Reduced number and survival rate of newborn cells in powder diet and molarless mice [9] CD1 mice Molar removal Impaired distribution, structure and neurogenic capacity of newborn neurons in dentate gyrus of molarless mice
Abbreviations: BDNF -Brain-derived neurotrophic factor.
to diminished sensory input leading to reduced cell growth, disruption of cholinergic neurotransmission or disruption of the hypothalamic-pituitary-adrenal (HPA) axis [13] . It is perhaps likely that several mechanisms are involved and results from animal and human studies attempting to elucidate the relationship between mastication and AHN will be discussed below. Table 1 shows the designs and outcomes of mastication-related rodent studies. The majority of identified rodent studies investigated the effect of mastication on neurogenesis by comparing soft or hard diet fed rodents with rodents fed a normal diet. Others looked at molarless rodents compared with rodents with intact masticatory ability, or provided their intervention group with objects to chew on.
Rodent studies measures
The effect of mastication was observed in most of these studies through histological examination of the rodent brains and/or behavioural analysis. Parameters used to measure the effects on the process of neurogenesis included looking at the number/density of newborn neurons, neuronal proliferation, differentiation and survival. The majority of the studies used injections of 5-bromo-2 -deoxyuridine (BrdU), a thymidine analogue, which reacts with DNA of cells in the S phase of mitosis, to immunohistochemically label and quantify the proliferating cells and their survival rate. Doublecortin and other neuronal nuclear antigen were used concomitantly with proliferation markers to label neuroblasts and neurons to assess neurogenic activity.
Another approach to study the physiological effects of mastication on the hippocampus was to investigate levels of BDNF and its receptor TrkB, which play an important role in hippocampal memory and learning by promoting neuronal differentiation and survival.
In terms of looking at hippocampal-dependent behavioural outcomes many studies used the Morris water maze task assessing spatial learning and memory. Behavioural outcomes were also measured using the passive avoidance test, a fear-aggravated test used to evaluate learning and memory. Table 2 shows the designs and outcomes of mastication-related human studies. At this time it is not possible to measure AHN in living human participants and these experimental studies on the effects of mastication in humans utilises alternative methods such as measuring cerebral blood flow or using fMRI to show brain activity during chewing and comparing ability in performing memory tasks ± chewing.
Human studies measures
Cross sectional population studies [29] , have looked at the masticatory ability and oral health of an elderly population and assessed their mental state using the mini-mental state examination (MMSE) to identify those with cognitive impairment, and found that a correlation exists between the two. This pattern of investigation was common across many reports. Other studies have looked at the effects of chewing gum on memory or attention, measuring results using fMRI to look at brain regions activated, or word recall ability [30] [31] [32] .
Discussion

Outcome of rodent studies
The results of the studies presented in this review point toward a causal relationship between masticatory ability and cognition. Experimental studies discussed, mainly done on mice, have consistently shown that impairing masticatory function results in both cellular and behavioural changes. A recurring theme identified is that of a decrease in neural stem cells proliferation in the hippocampus in many of the animal studies, when masticatory impairment was simulated by feeding mice a soft/powdered/liquid diet [10, 19, 33, 34] .
These experimental studies used soft diet fed mice/rats with a control group fed a normal, solid diet. The soft diet fed mice showed signs of decreased hippocampal function, which manifested as decreased memory and learning ability, such as measured by the passive avoidance test [33] . Cell proliferation assessed by immunohistochemically labelling progenitor cells was also found to be reduced in the DG in soft diet groups at a range of different ages, demonstrating that masticatory impairment causing potential problems with memory and cognition may not be a problem just for the elderly [10] .
Patten, Moller et al. (2013) found that despite the decreased progenitor cell proliferation in the SGZ of the DG, there was neither a difference in the density of immature neuroblasts nor in cell survival in adult rats, suggesting that neurogenesis overall is not affected by soft diet feeding. They hypothesised that survival rates may be upregulated in order to compensate for this decreased cell proliferation [34] . The study results demonstrated a hypothetical compensatory mechanism for neuronal proliferation when decreased by soft diets and further study into this is warranted. If a compensatory mechanism is found to be in place, perhaps it can be enhanced in order to protect neural function in those with impaired masticatory function. Interestingly, Mitome, Hasegawa et al. (2005) found that proliferation in the SGZ of the DG was not affected by soft diet ± molarless condition in mice but the number of surviving cells was reduced. It was postulated that the molarless condition may have exerted chronic stress on the mice and this could be responsible for the results. However, Patten, Moller et al. (2013) state that despite there being differences in cell proliferation rates in rats (their study) and the mice in this study, the use of a single injection of BrdU to measure cell proliferation may not have been sufficiently accurate, as they attempted to validate their results by additionally using the more widely expressed markers, Ki67 and PCNA.
Liquid diets were also found to increase BDNF levels and decrease TrkB levels [33] . The BDNF levels are thought to be higher due to reduced uptake by TrkB, as expression of this receptor is reduced. The exact cause of the reduced TrkB expression is unknown, but various hypotheses are put forward; decreased mastication with the liquid diet leads to a drop in sensory input from the trigeminal and facial nerve to the somatic sensory cortex, or decreased mastication stimulates BDNF expression, and the continuous release of BDNF results in negative feed- Table 2 Results from human studies on mastication and the effects on cognitive function Reference Population Study Outcome [29] >77 years, Swedish population Dental status and chewing difficulty and cognitive function (measured by MMSE)
People with multiple tooth loss or difficulty chewing hard food had significantly higher odds of cognitive impairment [41] 70-74 year olds, Japanese population Masticatory ability and higher brain function assessed by neuropsychological tests
Self-assessed impairment of masticatory ability was associated with a decline in higher brain function, including immediate verbal memory ability [37] >50 year olds, Korean population (excluding patients at baseline with dementia or stroke)
Oral examination, (noting number and location of teeth), medical questionnaire and assessment of cognitive function (MMSE)
Association between dental health status and cognitive function becomes more strongly correlated with increase in the number of teeth lost [38] 60 and 65 year olds, Japanese population Oral examination, medical questionnaire and assessment of cognitive function (MMSE)
Association found between cognitive function in the normal MMSE score range and the number of sound/healthy and decayed teeth [39] >61 back on TrkB expression level [33] . The disruption in BDNF/TrkB signalling leads to reduced induction of the MAPK cascade, which is necessary for memory and learning, and the findings suggest that the reduction of BDNF/TrkB signalling decreases the number of neuronal cells in the hippocampus, resulting in impaired memory and learning ability [33] . However, a study that also found reduced BDNF levels in soft diet fed mice did not find the mice to have defective cognitive function, but instead have affected physical and mental development, which may cause an increased vulnerability to mental disorders [19] . Yet it is noted that their results are inconsistent with other studies, which demonstrate reduced performance in cognitive tasks, with long term soft diet feeding, and propose that this is due to the study having a relatively short period of soft diet feeding in comparison [19] . A study investigating the effects of molar removal on mice AHN showed impaired distribution, structure and neurogenic capacity of neurons in the DG when measured by doublecortin and neuronal nuclear antigen, with these impairments possibly having a negative effect on learning and memory [9] . Surgical molar removal however, may have imposed chronic stress on the mice, such as postulated by Mitome, Hasegawa et al. (2005) , who also investigated molar removal, with the effects of stress on the HPA axis perhaps causing the reduced AHN. The effects of stress on the HPA axis are discussed in another study, which states that exposure to stress during pregnancy alters the HPA axis of the offspring, causing learning deficits and inhibiting neurogenesis [35] . It was found that dams, chewing on a wooden dowel during induced stress by restraint resulted in a decreased stress-induced release in plasma corticosterone, with learning and memory deficits and reduced cell proliferation ameliorated in the DG of offspring [35] . The effect of liquid diet alone, however, has not been shown to alter the HPA axis nor increase corticosterone levels, and is not thought to contribute to decreased cell proliferation [34] , yet it is interesting that the effects of induced stress by other means on AHN can be ameliorated by the act of chewing, such as suggested by the studies previously discussed. Another study looking at the positive effects of mastication, rather than the negative effects of its absence, found that neural stem cell survival in the hippocampus is increased and spatial memory is improved by forced mastication through feeding mice a hard diet [36] . A change in cell proliferation was not found as compared with the control group on a normal diet, but hippocampal volume was increased in the hard diet group. It was put forward that the mechanisms behind these results could be due to sensori-motor information from the oral cavity reaching the hippocampus and affecting the rate of neurogenesis, or the muscular contractions of mastication increasing cerebral blood flow, allowing increased entry of growth factors into the DG [36] . The study concludes with the future hope that mastication could improve or accelerate the recovery of spatial memory functions in the hippocampus, preventing senile dementia [36] .
Outcome of human studies
Human studies demonstrated similar results, with masticatory ability being associated with cognitive impairment. In a Swedish population study of humans aged 77 and over, tooth loss and masticatory difficulty were positively correlated with having greater odds of cognitive impairment [29] . A causal association
has not yet been found; perhaps those with cognitive impairment are unable to maintain adequate oral hygiene, or cognitive impairment increases the likelihood of having a difficulty with chewing. However, this study reports on other longitudinal studies, which found that there was no significant tooth loss associated with adults with dementia and conclude that it is not likely that impaired cognition leads to tooth loss and masticatory impairment, with results leaning in favour of a causal association in the other direction [29] . It is of note that the cohort used in this study came from a time where there were no dental services and preventative programs, and teeth were more commonly extracted, suggesting that these results may not be representative of aging populations of the future [29] .
Other population studies in Japan, Korea, Italy and America have also demonstrated similar results; increased number of missing or decayed teeth is associated with higher odds of cognitive impairment [37] [38] [39] When hippocampal-dependent cognitive functions and tooth loss was investigated, it was found to uniquely contribute to a significant variation in episodic and semantic memory performance, but an association between working memory, visuo-spatial ability and processing speed was not found [40] . This is yet another study with results adding to the accumulating evidence that there is a relationship between hippocampal-dependent cognitive functioning and number of teeth, however they state that longitudinal analyses are needed to shed further light on the potential causal relationship [40] . Miura, Yamasaki et al. (2003) also state that longitudinal studies are indicated in order to provide additional pertinent information, as the majority of studies done are epidemiological, cross-sectional studies. It is clear there is substantial evidence pointing towards a causal relationship from cross-sectional studies and further investigations need to establish precisely how this works and how it can be used with respect to health.
Several experimental studies have looked at the effect of chewing gum on cognitive function, to ascertain whether the act of mastication has a positive or enhancing effect on functions such as memory. The effects of chewing gum on memory and attention performance tasks have demonstrated differing results across studies. Johnson and Miles (2008) have found that chewing gum ± mint flavour failed to produce a context-dependent memory effect, though chewing gum at some point during their word learning and recall experiment has a facilitative effect on recall levels. Hirano, Obata et al. (2008) demonstrated results that show chewing accelerates or recovers working memory and induces an arousal effect, which consequently enhances cognitive performance. A later study showed that brain regions related to motor and attention were more activated during chewing, and this increased arousal levels and alertness, which therefore could lead to improved cognitive performance [31] . These potential effects on cognitive performance by mastication could again be explained by the regional increases in cerebral blood flow, as postulated by some of the experimental studies in mice. Taking rodent data into account, the enhanced cognitive performance could be explained through increased AHN due to the increased blood flow and growth factor availability. Nevertheless, before to embark onto molecular and cellular analyses relevant to AHN, the inconsistencies in results from experimental studies on chewing gum and its effect on cognition need to be addressed. Indeed it would be helpful to demonstrate whether mastication in healthy and perhaps younger age groups can have a protective effect on mental health or even an enhancing effect on functions such as memory.
Conclusion
The majority of results from the mastication studies points toward a causal relationship between mastication and cognitive function. When mastication was impaired in mice, results tended to show a reduced amount of neural stem cells proliferation in the hippocampus, demonstrated quantitatively with less labeled newborn cells present than in control groups [10, 19, 33, 34] . Studies additionally investigating behavioral changes in mice with impaired masticatory function had conflicting results, with some finding the mice to have memory and learning deficits [33] , and another finding mental development to be affected but not cognitive function [19] . This study however only investigated the effects of soft diet feeding in the short term, compared with long-term studies, which did find cognitive dysfunction. It was also found that despite decreased neural progenitor cell proliferation in the DG, neuronal differentiation and survival was not affected, demonstrating a potential compensatory mechanism in place prolonging the survival of these neurons to make up for the decreased proliferation, or an alteration in cell cycle kinetics [34] . If such a compensatory mechanism is found, it could perhaps be manipulated and enhanced in people with masticatory dysfunction in order to protect them from reduced AHN leading to cognitive decline. Molar removal had a similar effect to soft-diet feeding in mice, with decreased distribution, structure and neurogenic capacity of neural progenitor cells in the DG [9] .
Altered BDNF/TrkB expression has been found in soft diet fed mice and this is hypothesised to be due to decreased sensori-motor input due to lack of chewing, or decreased mastication stimulating BDNF secretion, which induces negative feedback to decrease TrkB expression [33] . This alteration in BDNF/TrkB expression is thought to impair memory acquisition and learning by decreasing the number of neurons in the hippocampus [33] .
Inducing mastication in two of the studies found had a positive effect on hippocampal neurons in mice. Inducing stress in pregnant mice given something to chew on ameliorated learning and memory deficits in their offspring caused by a disrupted HPA axis [35] . Mice fed an autoclaved hard diet had increased neural stem cell survival, increased hippocampal volume and improved spatial memory [36] . The act of mastication is thought to exert effects on the hippocampus through increasing cerebral blood flow and allowing entry of growth factors in to the DG, or through sensori-motor input affecting the rate of neurogenesis [36] . In humans, it was found that masticatory ability/tooth loss was positively correlated with having greater odds of cognitive impairment, reflecting results depicting the possible causal relationship seen in the animal models [29, [37] [38] [39] . Investigation into this, such as with longitudinal studies would be helpful in establishing the extent to which mastication impacts on mental health, and whether this is through a mechanism involving AHN. Additionally, repeating experimental studies looking at how chewing gum impacts upon cognition would be indicated, in order to address the discrepancies found in results.
Further studies into the effect of mastication on AHN are warranted, as a pattern of causal association between masticatory impairment and AHN is emerging. Discrepancies between results need to be explained and the effects in humans need investigating. Should mastication prove to have an effective protective mechanism on AHN, ensuring those with tooth loss or decreased masticatory ability may be vital in protecting their cognitive health. With an increasing elderly population, prevention of cognitive decline and dementia will alleviate strain on health services and families. Additionally, ensuring young people have adequate masticatory function may prove important in preventing developmental problems and learning difficulties. These are all areas that would benefit greatly should further research and experimental study prove these theories correct. Furthermore, if masticatory effects on AHN could be enhanced, the potential for otherwise healthy people to boost memory, learning and cognitive function presents an exciting prospect.
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